Background: The evaluation of the systolic left ventricular performance in hypertensive patients presents some problems related to left ventricular hypertrophy (LVH) which alters the ventricular geometry. The videodensitometric textural ultrasonic analysis of hypertensive myocardium has provided evidence of impairment in the cyclic variation of the mean gray level. This might be considered as an index of intrinsic myocardial function. Objectives: The aim of the present study was to analyse the connection between the midwall fractional shortening and end-systolic stress. The ultrasonic textural parameters in hypertensive patients, arranged in different groups according to the level of LVH and relative wall thickness, were also evaluated. Methods: A group of age-matched (58 ؎ 7 years) male essential hypertensive patients (n ‫؍‬ 70) were compared to a group of normotensive and healthy subjects used as controls (n ‫؍‬ 32). All subjects performed a conventional 2D-Doppler echocardiography to analyse the left ventricular performance. A quantitative analysis of the echocardiographic digitised imaging was also carried out with the help of a calibrated digitisation system in order to calculate the septum and the posterior wall tex-
Introduction
It is well known that in hypertensive patients there is an association between left ventricular hypertrophy (LVH) and an increased risk of cardiac mortality, heart failure and coronary artery disease. Both the left ventricular wall thickness and the left ventricular mass and geometry are important determinants of the ventricular performance in those patients with pressure-overload hypertrophy due to hypertension. 1, 2 The evaluation of the left ventricular myocardial performance in this type of patient appears crucial. Several studies have pointed out that, despite a normal or supernormal conventional fractional shortening, the midwall left ventricular mechanic is impaired. 3, 4 Moreover, a quantitative analysis of the 'texture' of the echocardiographic images, 5, 6 represents a useful approach which allows the use of the ultrasound myocardial tissue characterisation (quantitative texture analysis) in this and in other 7 fields of interest. Previously our studies have shown that several myocardial textural videodensitometric parameters are impaired in essential hypertensive patients. [8] [9] [10] The aim of the present study was to investigate whether there was a link between the midwall fractional shortening, the end-systolic stress and the tissue characterisation parameters.
Patients and methods

Study population
Exclusion criteria used to select the participants to the study were the presence of malignant hyperten-sion, heart failure, cardiomyopathy or valvulopathies, the coexistence of diabetes (fasting blood glucose Ͻ6.6 mMol/l, 120 mg/dl) or obesity (body mass index (BMI) Ͼ30 kg/m 2 ), the presence of a coronary artery disease (angina pectoris and/or previous myocardial infarction evaluated on the basis of exercise ECG), and a history of renal and connective tissue disease (serum creatinine Ͻ106 Mol/l, 1.2 mg/dl). After repeated office blood pressure measurements, which allowed a correct definition of the hypertensive status according to 1999 WHO-ISH guidelines, 11 the patients were selected on the basis of their echocardiographic left ventricular mass indexed by body surface (LVM bs ). To detect secondary hypertension the subjects selected had to complete a full clinical, biochemical and instrumental examination, including an angiographic procedure if needed. None of the patients were undergoing any antihypertensive therapy at the time of the study. An adequate pharmacological washout period was nevertheless observed by all patients.
Following this criteria, 70 essential hypertensive patients, all males, with absent or a mild-moderate to severe degree of LVM bs were recruited. This group of patients was compared to a group of 32 carefully age-matched normotensive subjects. All subjects were aware of the experimental nature of the study and had given informed consent according to the institutional guidelines. The study was approved by the local Ethical Committee. The conventional echocardiographic and tissue characterisation determinations were obtained at the same time as the abovementioned data.
Conventional 2D Doppler echocardiography
M-Mode and 2D echocardiograms by Doppler analysis were performed in all subjects by means of a commercially available machine (Hewlett-Packard Sonos 1000, with 2.5 or 3.5 MHz transducer). Twodimensional images were obtained in the parasternal long-axis and short-axis views, and in the apical two-and four-chamber ones by using standard transducer positions. The following parameters were obtained from the M-Mode echocardiographic tracings under the guide of 2D imaging: end-diastolic diameter (EDD in cm); percent fractional shortening of the left ventricle (FS in %); septal and posterior wall thickness at end-diastole (STh and PWTh in cm); left ventricular mass calculated according to the Penn convention and indexed by body surface (LVM bs in gr/m 2 ) and also left ventricular mass normalised for height to the 2.7 powered (left ventricular mass index, LVM h ). 12, 13 The relative wall thickness (RWT) was also measured at end-diastole as the ratio of 2 × (LV posterior wall + septum thickness/2)/LV internal dimension). 2 The midwall fractional shortening (MFS) of the left ventricle was calculated according to Shimuzu's model to have a more appropriate evaluation of the left ventricular systolic functions. 3 The meridional end-systolic stress (mESS) was calculated using cuff systolic blood pressure (SBP) according to the formula: ESS = 0.334 × SBP × ESD/PWTH * {1 + (PWTH/ESD)}; the circumferential end-systolic stress (cESS), on the other hand, was estimated according to Gaash's formula. 1 All measurements were derived from the average of at least five consecutive cardiac cycles. All recordings were analysed on two separate occasions for intra-observer variability, and by a blinded investigator for inter-observer variability, to assess their reproducibility. Both intra-and inter-observer global coefficients of variation were 7.5% and 10.2% respectively. As expected, the reproducibility of the measurements of the posterior wall was inferior to that of the septum (coefficients of variation were 8.2% and 11.3% respectively).
Images digitisation
In order to achieve a precise and reproducible sampling of textural parameters the gain settings and compensation profiles were adjusted for all the subjects in the study to obtain apparently uniform myocardial brightness throughout the echocardiogram. The gray scale transfer function was adjusted to be linear for the entire video signal range and no reject, enhancement or dynamic range were used with a 25-30 dB amplification at a depth of 18 cm. The optimal echocardiographic images were directly transferred from the echograph to a calibrated video digitisation system (Tomtec Imaging Systems, Inc, Boulder, CO, USA), which allows the conversion of the analogic images into a matrix of 256 × 256 pixels of 256 gray levels each (0 = black, 255 = white) with eight bits of intensity range. One cardiac cycle (R-R wave) was automatically divided into 12 frames independently by heart rate. The images corresponding to the end-diastolic and the end-systolic phases, all in long-axis projection, were selected with an optimal visualization of both the interventricular septum and the left ventricular posterior wall.
Quantitative texture analysis
The position of the regions of interest at septum and posterior wall level, for performing the myocardial textural analysis, were chosen by consensus of two observers strictly blind to the results of conventional echocardiography, using an interactive dedicated computer programme. Particular care was taken when scanning the parasternal left ventricular long axis to ensure that the angle of incidence of the sonic beam was at approximately 90°to the area of interest. The region of interest, always the same size (32 × 42 pixels), was placed in the same location in the septum (mid-septum) and in the posterior wall (mid-posterior) both in the end-systolic and the enddiastolic frames. Only the myocardium was included, whereas the endocardial and epicardial specular echoes were excluded to avoid areas of echo dropouts and obvious artifacts. A histogram of the echocardiographic gray level distribution was generated for each region of interest by placing the gray level distribution on the abscissa and the frequency of the occurrence on the ordinate.
Differences in the measurements of the gray level: first-order of gray level measurements
The mean gray level of each cavity region (background signal) was subtracted from the absolute mean gray level obtained for each region of interest (mean gray level, background corrected: MGL). A quantitative analysis of the shape of each distribution was also performed using Skewness and Kurtosis. The cyclic variation index of the gray level amplitude was calculated according to the formula: (MGL ED − MGL ES )/MGL ED * 100) ( Figure 1 ).
14 All recordings were analysed on two separate occasions for intra-observer variability, as well as by a blinded investigator for inter-observer variability. The intraclass correlation coefficient (r i ) was calculated according to the Bland and Altman procedure, 15 using a one-way analysis of variance for repeated measurements, almost three values of MGL at enddiastole and end-systole for both the septum and posterior wall. The correlation coefficient (r i ) for septum MGL was 0.92 for diastolic and 0.90 for systolic sample; while for posterior wall MGL was 0.89
Figure 1 (a) Digitised two-dimensional echocardiography images of left ventricle (parasternal long axis view). (b)
The graphic shows the variations of echo intensity in a R.O.I. placed at septum level (in ordinates) during one cardiac cycle, arbitrarily divided into twelve frames independently from heart rate, in both groups. For hypertensives: time 0 = end-diastolic frame, time 4 = end-systolic frame; for controls: time 0 = end-diastolic frame, time 5 = end-systolic frame.
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for diastolic and 0.91 for systolic sample. These measurements were derived from the average of at least five consecutive cardiac cycles.
Statistical analysis
The structure of the present study is reflected in the selection of the population according to the criteria of a 'case-control' study. Continuous variables were expressed as mean ± 1 standard deviation. Intergroups differences were tested for significance by using unpaired Student's t-test. The subgroup analysis was tested by one-way ANOVA followed by Scheffe's test. To evaluate the reliability of the videodensitometric method, we applied the analysis of variance for repeated measurements, according to Bland and Altman procedures, obtaining the intraclass correlation coefficient (r i ). The quantitative analysis of the shape of the histograms was tested by using Friedman rank test. Correlation coefficients were calculated according to the standard methods. A P value of less than 0.05 was considered statistically significant.
Results
Age (58.3 ± 7.5 vs 61.2 ± 8.1 years) and BMI (25.6 ± 2.8 vs 22.8 ± 3.5 kg/m 2 ) overlapped closely between hypertensives (n = 70) and normotensives (n = 32). The office blood pressure averaged 155 ± 7/96 ± 3 vs 126 ± 7/80 ± 4 mm Hg (P Ͻ 0.0001) ( Table 1 ). Both the septum and the posterior wall thickness were greater in hypertensives, while the end-diastolic diameters were comparable. LVM bs and LVM h were significantly higher in the hypertensive group (Table 2) . The left ventricular end-diastolic diameter and the relative fractional shortening overlapped in the two groups ( Table 2 ). The FS distribution in particular was within the normal range of our control group.
If we consider two subgroups: one with MFS within normal limits (±2 standard deviations of mean MFS of the control group) and one with pathological MFS; the midwall fractional shortening was significantly lower in the hypertensives (P Ͻ 0.001). Both the meridional and the circumferential endsystolic stress were significantly higher in the hypertensive patients (Table 3 ). In the group of hypertensives with MFS within normal limits, the videodensitometric parameters (CVI both at septum and at posterior wall level) showed a significant alteration in comparison with the normotensive group. ), left ventricular mass index (height); NS, not significant.
Ultrasonic textural data
The echodensity of the septum and the posterior wall did not differ between the two groups at enddiastole. At end-systole on the other hand, the myocardial echodensity was greater in the hypertensive than in the normotensive group (Table 4) . The CVI, a parameter reflecting the variation in echodensity from diastole to systole, was smaller in the hypertensive group than in the control group, both at septal (P Ͻ 0.001) and at posterior wall levels (P Ͻ 0.001) (Figure 1) . The results of Kurtosis and Skewness overlapped in the two groups both for the septum and the posterior wall.
Relationship between the quantitative texture analysis data, echocardiographic parameters and blood pressure
The CVI was unrelated to the left ventricular fractional shortening, to diastolic septum (r = −0.16, P = NS) and posterior wall thickness (r = −0.13, P = NS). Instead, both the CVI at septum and posterior wall levels showed a low, inverse but significant correlation with LVM bs (r = −0.38; P Ͻ 0.05; r = −0.37; P Ͻ 0.04). We confirmed the significant inverse relationship between MFS and mESS (r = −0.53; P Ͻ 0.001) (Figure 2 ) and between MFS and cESS (r = −0.45; P Ͻ 0.02). An important relationship was found between the CVI of both the septum and the posterior wall with the midwall fractional shortening (r = 0.50; P Ͻ 0.001 ( Figure 2 ) and r = 0.42; P Ͻ 0.01 respectively). Both the CVI at septum and at posterior wall level were inversely and significantly related to the systolic blood pressure (r = −0.52; P Ͻ 0.005 and r = −0.45; P Ͻ 0.003, respectively). Moreover, the CVI at septum level showed a significant relationship both with circumferential (r = −0.59; P Ͻ 0.001) and meridional endsystolic stress (r = −0.63; P Ͻ 0.001) (Figure 3 ).
Discussion
The ventricular response to pressure-volume overload of arterial hypertension includes the development of LVH as an initial response to compensate left ventricular function against the increased load; this abnormal loading condition leads to decompensation and congestive heart failure. Meerson 16 and Weber et al 17, 18 described three stages of hypertrophy: developing hypertrophy, compensatory hypertrophy and heart failure. The first phase is an evolutionary phase in which the structure and function of the myocardium change as remodelling occurs in response to an excessive load. A physiologic phase follows, in which the remodelled myocardium is in balance and may revert to normal if excessive load is removed. In the third, pathologic phase, ventricular pump function is obviously abnormal. The detection of altered ultrasonic textural myocardial parameters, when the indices of endocardial or midwall shortening might be always normal, could be crucial for the selection of patients yet in a compensatory reversible hypertrophy.
The significant inverse relationship between the myocardial ultrasonic videodensitometric parameter (CVI) and both the meridional and circumferential end-systolic stress, as well as the significant linear correlation between the myocardial ultrasonic video-densitometric parameter (CVI) and the midwall fractional shortening, were the main findings of the present study. Furthermore, our results confirmed that midwall fractional shortening, in essential uncomplicated hypertensive LVH with normal left ventricular pump function, is depressed when compared with that found in normal subjects. The relevance of the evaluation of the midwall left ventricular mechanics in the analysis and prognosis of hypertensive patients has been demonstrated in several studies with different methodological approaches (haemodynamic, echo, nuclear magnetic resonance), which take into account the epicardial migration of the midwall during systole. [19] [20] [21] On the other hand, endocardial fractional shortening overestimates the left ventricular myocardial performance in hypertensive patients and is probably an imperfect index of left ventricular chamber mechanics rather than of myocardial performance. 3 Moreover, in hypertrophic myocardial walls, less intramural percent segment shortening is necessary for the same absolute systolic wall thickening and for the endocardial motion. For this reason, systolic functional indices which reflect only the cavity emptying, may be insensitive in the hypertrophic hypertensive model. The majority of our hypertensive patients showed a concentric LVH and, although not as strongly, an eccentric LVH. It is important to note that the patients with the lowest MFS showed a high level of both meridional and circumferential end-systolic stress and presented the highest degree of impairment of myocardial textural parameters. A further consideration concerns the presence of altered CVI both at septum and at posterior wall level in the group with MFS within normal limits. It is important to note that all hypertensive patients presented a normal endocardial FS, 71% of hypertensives showed an altered midwall FS, and 88% had an impairment of videodensitometric parameters. Beside the videodensitometric findings, CVI appears more sensitive than other ultrasonic conventional functional parameters in the detection of the myocardial ultrasonic textural impairment, which could reflect an early alteration of myocardial intrinsic function.
Biological determinants of the myocardial acoustic properties in hypertension
The biological determinants of the myocardial acoustic properties include the collagen content, the fibre orientation, the scattered geometry, the blood flow and water content. 22 According to Wickline et al, 23 the myocardial reflectivity may depend on a local acoustic mismatch between series and parallel elastic elements. In the normal heart, peak values occurred at end-diastole and minimal values at endsystole, but these cyclic changes in the echo amplitude are not linearly related to contractile events within the myocardium. Our group has demonstrated that in hypertension substantial alterations of the CVI are present in comparison with the normal, by the cyclic variation of the mean gray levels being reduced or abolished. [7] [8] [9] The pressure-volume overload in hypertension, per se, or with the interaction of complex humoral factors, could induce the parallel replication of the myocitic component and the fibroblastic excessive production of collagen, with an alteration of the correct myocitic/collagenic ratio. 24 -28 This mechanism represents the major explanation of the changes of cyclic variation of the MGL in hypertension.
Myocardial midwall mechanics and ultrasonic textural parameters
Previous authors have shown that midwall left ventricular dysfunction represents an independent predictor of cardiac death and also contributes independently to the prediction of cardiovascular morbid events in patients with essential arterial hypertension. 29, 30 The significant relationships between midwall fractional shortening, meridional end-systolicstress and CVI found in the present study, represents a favourable element to the hypothesis that CVI could be considered as an index of intrinsic myocardial function, relatively sensitive to the afterload conditions. In this respect, we note that concentric LVH shows a higher impairment of the myocardial function, both with a lower CVI at septum and at posterior wall level and with a lower MFS, in comparison with other 'geometric subgroups'.
Clinical applications of endocardial or midwall mechanics have totally depended on theoretic consideration in echocardiographic 31, 32 and angiographic studies. Recently reported developments in nuclear magnetic resonance imaging (tagging) and, almost in part, our videodensitometric method, could potentially provide a method of detecting myocardial fibre movement within the left ventricular wall in the beating human heart. 20 Moreover, ultrasonic videodensitometric methods could present some points of comparison with 'tagging' magnetic resonance imaging (MRI): in fact it is possible with MRI to 'magnetically' tag non-invasively myocardial regions, thus allowing one to follow the real trajectory of the selected myocardial region of interest during the entire cardiac cycle. This method allows us to non-invasively determine the absolute cardiac wall motion in the fixed reference frame. In a similar manner with the videodensitometric approach, we selected a myocardial region of interest and with a computer trackball system we followed, in this region of interest (ROI), the intra-myocardial fibres movement during the cardiac cycle. In this way we obtained some useful information about the myocardial ultrasonic textural intrinsic cyclic variations, which could also reflect the level of intramyocardial fibres motion.
Moreover a recent study 21 using MRI tagging showed that there is a contraction-gradient from epicardium to endocardium resulting in amplification of isolated cross-fibre shortening at the level of LV chamber. Thus a pseudo-normal LV chamber systolic function in the presence of concentric geometry is an expression of depressed myocardial function, suggesting that endocardial shortening is a poor index of real LV function. Furthermore, our ultrasonic data (MFS and CVI) were consistent with the MRI study, 20, 21 which showed that intramural myocardial shortening is depressed in hypertensives with LVH and with a 'pseudonormal' left ventricular function. In fact in our study no linear relationship was found between CVI and left ventricular fractional shortening, but we have demonstrated a significant correlation between a depressed MFS and our videodensitometric index of systo-diastolic change in mean gray level, indicating that this variation of echo amplitude could be considered a distinct, 'early' index of an altered myocardial function.
These regional ultrasonic heterogeneity of contraction observed in hypertension could reflect differences in regional geometry within the left ventricle, operating through the LaPlace effect. Increased left ventricular pressure could have differential effects on regional wall stress because of differences in local radii of curvature and in myocyte orientation, so reducing intramural systolic function within the ventricle. On the other hand, in the hypertensive model, myocardial tethering of myocytes or myocyte bundles by an altered collagen matrix could become more evident in the presence of marked LVH and might help to explain the depression of intramural myocardial function. Moreover, the changes in the relative muscle fibres orientation and in the structure, as well as the changes in the myocardial blood flow (impairment of the microcirculatory system), potentially represent other mechanisms which could explain the CVI modifications in hypertension. 33 The videodensitometric analysis could be potentially very useful in exploring the initial impairment of intrinsic myocardial function and the early imbalance of the compensatory hypertrophy phase which realises in the natural history of hypertensive patients.
Limitations of the study
The present study has its obvious limitations. The relatively small number of the study population is one, while the fact that the use of biopsy data is still not possible is another (the use of this invasive technique was not ethically acceptable in this type of patient). Some hypotheses have been discussed in a previous study, 30 to explain the alterations in the acoustic properties of myocardium and in particular of the dynamic aspects of scattering, based on various experimental and human autopsy studies on the myocardium in hypertension. Furthermore, a stringent clinical criteria avoided major confusion of coexistent coronary artery disease which might per se influence the videodensitometric signal.
Conclusion
The CVI is therefore a highly sensitive parameter in the identification of abnormal echodensity in hypertension and in other diseases, probably in the expression of the impairment of intrinsic myocardial function. [7] [8] [9] The CVI was significantly lower in 
